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ABSTRACT 


This  report  discusses  the  effects  of  nonmartens it ic 
products  and  mechanical  properties  on  the  nil -ductility- 
transition  (NDT)  temperature  and  transverse  Charpy  V-notch 
absorption  level,  for  a  selected  HY-BO  steel.  Pro- 
eutectoid  ferrite  was  found  to  have  the  most  detrimental 
effect  on  the  transverse  Charpy  maximum  energy  level. 

Large  prior  austenitic  grain  size,  irrespective  of  micro- 
stinicture,  increases  the  NDT  tenperature  by  approximately 
100  F.  It  is  recommended  that  the  present  HY-60  specifi¬ 
cation  be  amended  to  require  two  chemistry  ranges,  one  for 
thin  and  one  for  thick  plates. 

ADMINISTRATIVE  INFORMATION 


This  work  was  initiated  under  Bureau  of  Ships  sponsorship  (BxiShips 
letters  All/NS-011.083  (343)  serial  343-211  of  26  May  1959  and  R-7-0101 
serial  634B-430  of  26  July  1960)  and  conpleted  under  the  Model  Basin  Funda¬ 
mental  Research  Program  as  Problem  735-184,  Task  0401,  Fundamental  Research 
Project  S-ROOl  01  01. 


INTRODUCTION 


1-4* 

This  is  the  fifth  in  a  series  of  preliaiinary  reports  on  a  pro¬ 
gram  (sec  Figure  1)  established  to  obtain  metaIliu*giciLl  information  con¬ 
cerning  the  effects  of  nonmartens it ic  products,  chemical  composition  and 
iapurities  on  the  notch  toughness  and  weldability  of  high  strength 
steels.^ 


This  report  discusses  the  effects  of  nonmartensitic  products  and 
mechanical  properties  on  the  nil -ductility-transit ion  (NDT)  teag>erature, 
and  transverse  Charpy  V-notch  (C^)  maviimai  er.  'rgy  absorption  level  for  a 
selected  inr-BO  steel.  These  data  will  be  used  by  the  Model  Basin  to 
evaluate  the  mechanical  properties  of  HY-60  steel  used  in  model  construc¬ 
tion  and  to  correlate  the  response  of  HY-80  steels  used  in  prototype  con¬ 
struction. 


*References  are  listed  on  page  53. 


BACKGROUND 

In  jelccting  a  quenched  and  tempered  structural  steel,  the  general 
rule  is  to  choose  one  that  will  quench  to  100  percent  martensite  without 
retention  of  austenite  that  can  later  transform  to  nonmartens itic  products 
upon  tendering.  However,  one  of  the  main  requisites  for  development  of 
the  HY*^0  steel  was  that  the  steel  composition  selected  must  harden  to  a 
minimum  of  80  percent  martensite  after  being  quenched  in  still  water. ^ 

Previously  reported  hardenability  calculations  showed  that  (1 )  com¬ 
mercially  produced  HY-80  steei  plotes  3  in,  or  more  thick  usually  contain 
less  than  80  percent  mou’tensite  and  (2)  the  reported  longitudinal  Charpy 
V-notch  energies  at  -120  F  decreased  with  increasing  nonmartens itic  pro¬ 
ducts,  A  number  of  conflicting  reports  have  been  published,  however,  on 

the  effects  of  nonmartens itic  products  on  the  notch  toughness  of  tempered 
7-11 

steels.  In  general,  these  investigations  concerned  steels  with  carbon 

contents  above  0.3  percent  \diereas,  at  the  time  of  this  investigation, 

HY-80  steel  had  a  ioill  "ordered”  carbon  range  from  0,14  to  0,23  percent. 

Low  carbon  martensitic  steels  have  been  shown  to  have  an  overall 

Charpy  V-notch  toughness  superiority  over  higher  carbon  steels  with  the 

12 

same  alloy  content.  When  NDT  temperatures  were  investigated  for  the  same 

steel  se' les^^  (43XX  series),  however,  it  was  shown  that  the  lowest  NDT 

temperatures  for  the  strength  levels  investigated  (90  to  240  ksi)  were 

obtained  for  steels  with  a  carbon  content  varying  between  0,35  to  0.38 

percent.  Steels  with  a  carbon  content  of  0.2  percent  or  less  exhibited 

highex  Charpy  V-notch  maximum  shelf  energies;  however,  neither  of  the 
.  12-13 

cited  investigations  studied  the  effects  of  tenpered  nonmartensitic 
products  on  notch  toughness. 

14 

A  previously  reported  work  on  the  effects  of  heat  treatment  on 

the  microstructure  and  longitudinal  Charpy  V-notch  temperature-energy 

relationship  of  rich-chemistry  HY-80  steels  was  performed  on  1-  to  1  /2-in, 

thick  HY-60  plate  air  cooled  to  simulate  the  microstructure  of  a  water- 

14 

quenched  8-in.  thick  section.  This  report  showed  neither  the  effects 
of  grain  size  nor  the  effects  of  given  percentages  of  a  nonmartensitic 
product  on  the  mechanical  properties;  the  effects  of  directionality  and 
strength  level  on  Charpy  V-uotch  maximum  shelf  energies  or  on  transition 
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temperatures  were  not  taken  into  consideration.  The  effects  of  direction¬ 
ality  on  the  Charpy  V-notch  properties  were  fully  discussed  in  References 
1  and  2  and  are  commented  upon  in  this  report  under  the  section  dealing 
with  materials  and  procedures. 

Test  procedures  and  means  of  correlating  Charpy  V-notch  energy 
absorption  values  to  resistance  to  shear  tearing  have  been  developed  b/ 
the  Naval  Research  Laboratory'  (NRL).^^  This  work  indicates  that  a  Charpy 
V-notch  shelf  energy  value  of  40  to  50  ft-lb  marks  a  point  of  transition 
in  tearing  resistance.  It  can  be  concluded  from  the  NRL  report^^  that 
materials  of  the  strength  levels  presently  being  used  in  ship  construction 
should  have  at  operating  temperatxire  a  Charpy  V-notch  maximum  energy  shelf 
of  at  least  40  to  50  ft-lb  in  the  weakest  direction  in  order  to  resist 
low-energy  shearing.  Therefore,  the  Charpy  V-notch  shelf  of  40  to  50  ft- 
lb  will  bt  used  in  this  report  to  evaluate  the  effects  of  nonmartensitic 
products,  grain  size,  and  strength  level  on  the  notch  shear  toughness  of 
HY-80  steel.  The  brittle  behavior  or  flat  break  temperature  (NDT)  will  be 
determined  by  the  drop  weight  test. 

MATERIALS  AND  PROCEDURES 


MATERIAL 

For  the  present  study,  the  Model  Basin  selected  a  5/8-in,  thick 

HY-80  plate  (ElO  .),  similar  in  chemical  coiiposition  to  the  l/2-in.  plate 

(HC)  used  in  the  initial  studies;^  see  Tabie  1,  Both  of  these  plates  were 

cross  rolled  i^proximately  7  percent  but,  as  shown  in  Table  1,  the  inclusion 

count  was  higher  for  the  S/S-in.  plate.  However,  as  shown  in  Figure  2, 

the  major  difference  between  these  two  platen  is  their  transverse  maximum 

Charpy  V-notch  values.  The  upper  and  lower  curves  respectively  represent 

specimens  taken  from  the  l/2-in.  HC  plate  and  the  5/8-in,  E103  plate,  A 

similar  spread  in  maximum  Charpy  values  is  also  found  in  the  longitudinal 

16  17 

direction  of  conmercially  produced  HY-80  steel.  *  Therefore,  the  HC 
and  E103  plates  can  be  considered  as  representing,  respectively,  the  upper 
and  lower  shear  toughness  bounds  of  conmercially  produced  HY-60  steel. 


•  H' 
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7E£T  SPECIMEMS 
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ASIM  drop-^ij^t  speciioens.  Type  P3,  5/8  x  2  x  5  in.  were  used 

to  studbr  the  effects  of  various  heat  treatments  on  the  NDT  temperature. 

Crack  starter  beads  were  placed  on  these  drop-weight  bars  prior  to  heat 

treatment  in  accordance  with  procedures  established  in  Reference  2. 

All  test  specimens  representing  the  5/8-in.  HY-80  plate  E103  were 

obtained  from  the  broken  drop-weight  bars  after  testing. 

To  prevent  extraneous  defects  from  ma'iking  the  results  of  the 

variables  being  studied,  the  tensile  specimens  were  machined  parallel  to 

the  major  direction  of  plate  roll  and  the  Charpy  Vnotch  specimens  from 

the  transverse  direction  so  that,  if  banding  or  nonmetallic  inclusions 

were  present  within  the  test  specimen,  they  would  be  distributed  as 

dispersed  particles  and  not  act  as  crack  arresters. 

Threaded  subsize  0.252-in. -diameter  tensile  specimens  and  standard 

Charpy  V^otch  specimens  (notched  perpendicular  to  the  rolled  surface 

through  the  thickness  of  the  plate)  were  machined  and  tested  in  accordance 

19  20 

with  Federal  standards.  * 

Standard  cylindrical  con^ression  specimens  0.5  in.  in  diameter  and 
2  in.  long  were  machined  from  the  5/8-in.  Ea03  plate  in  accordance  with 
ASTM  standards.^ 

MECHilNICAL  TEST  PROCEDURES 

In  determining  the  drop-weight  NDT  temperature,  the  test  procedures 

18 

as  outlined  by  the  ASIM  Standards  were  used.  The  drop-weight  specimens 
were  tested  over  a  range  of  temperatures  with  a  123-lb  hammer  falling  from 
a  height  of  2  ft.  A  0.075-in.  stop  arrangement  in  the  bottom  center  of 
the  jig  limited  the  deflection  of  the  specimen.  A  drop-wei^t  specimen 
was  cor'  .dered  broken  when  a  crack  emanating  from  the  crack-starter  bead 
propagated  across  the  surface  and  down  one  side  of  the  specimen.  To 
determine  the  NDT  temperature,  a  temperature  increment  of  20  F  was  used 
to  bracket  NDT. 

Mechanical  property  load-strain  curves  were  recorded  using 
averaging  microformer-type  coi^tressometers  and  extenaometers.  A  120,000- 
lb  C4)acity  Baldwin-Southwark  Hydraulic  testing  machine  was  used  for  all 
eom>re3sioa  and  tension  testing;  the  machine  calibrated  within  ±0.5  percent. 
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A  Baldwin  subpreas  vaa  used  to  avoid  any  eccentric  loading  in  coagtresaioi. 
Universal  joint-threaded  gripping  devices  were  eat>loyed  in  tension  nesting. 
A  strain  magnification  of  500  to  1  and  a  strain  rate  of  0.0025  in/in/min 
were  used  throughout  this  investigation. 

Charpy  V-notch  impact  specismis  were  tested  in  a  Tinius^^lsen 

pendulum-type  inqpact  tester  with  268  ft-lb  capacity  and  a  striking  velocity 

of  16.85  ft/sec.  Prior  to  testing,  the  machine  «ras  calibrated  in  accord- 

00  10  0£\ 
ance  ^rlth  ASTM  standards.  Federal  standard  procedures  were  used 

for  testing  both  the  tensile  and  the  Charpy  V^otch  specianns. 

HEAT  TREATMEMT 

All  drop-weight  specimens  were  heat  treated  in  accordance  with  the 
steps  shown  in  Figure  3.  All  austenitizing,  isothermal  treatments,  an^* 
tenpering  were  performed  in  neutral  salt  bath  furnaces  with  te^>erature8 
controlled  to  %rLthin  ±  5  F.  Figure  4  was  used  to  develop  the  isothermal 
holding  times  necessary  to  obtain  a  given  percentage  of  nonmartens  it  ic 
product.  A  check  as  to  the  actual  percentage  of  transformation  obtained 
was  made  for  all  treatments  involving  isothermal  studies.  Hstallographic 
analysis  of  the  untenpered,  as-quenched  aicrostructures  indicated  that 
quenching  was  complete  and  that  specimen  sise  had  no  effect. 

METALLOGRAPHY 

Metallographic  procedures  for  preparation  of  specimens  have  been 
discussed  in  the  previously  cited  reports.^*  ^  However,  for  examination  of 
laicrostructure  and  determination  of  percentages  of  isotheimsl  products, 
three  consecutive  etching  solutions  were  used.  After  each  etch,  the 
specimen  was  washed  In  alcohol  mid  then  dried.  These  solutions  and  tiieir 
intended  purpose  are  as  follows: 

1.  An  etch  of  saturated  picric  acid  in  alcohol  plus  two  drt^  of 
sephirmi  chloride  per  100  cc  of  solution  was  used  for  revealing  ferritic 
grain  boundaries. 

2.  An  etch  of  1  percent  nital  was  used  for  revealing  ferritic 
aicrostructures . 

3.  An  etch  of  20  percent  sodiimi  nsta-bisulfite  in  water  plus  two 
drops  of  aerosol  per  SOO  cc  of  solution  was  used  for  distingaiahittg  iso* 
thermal  products  from  martensite. 


TEST  RESULTS 

The  test  results  for  each  gives  heat-treating  parameter  investigated 
are  sumnarized  in  Tables  2  throu^  5  and  depicted  in  Figures  5  through  20. 

In  addition,  Charpy  V-notch  ten^jeratwe  transition  curves  for  each  of  the 
nonmartensitic  products  investigated  are  available  in  the  Appendix. 

Since,  as  shown  in  Figure  2,  the  E103  HY-80  plate  has  a  different 
Charpy  curve  than  the  HC  HY-SO  steel  used  in  the  previous  investigation,  a 
portion  of  this  previous  study  had  to  be  repeated  in  order  to  obtain  a  base¬ 
line  for  determining  the  relative  effects  of  nonmartensitic  products  on 
the  notch  toughness  of  HY-80  steel. 

MICROSTRUCTURE 

The  resultant  microstructures  for  each  of  the  heat  treatments 
studied  dre  coiq>ared  in  Figures  5,  6,  and  7. 

EFFECTS  OF  FINE  AUSTQilTIC  GRAIN  SIZE  AND  NONMARTENSITIC  PRODUCTS 
ON  THE  MECHANICAL  PROPERHES 

Effects  of  Tempering  Teiqjerature 

Figure  8  is  a  plot  of  mechanical  tensile  properties  and  NDT  temper¬ 
ature  versus  te^>ering  te^>erature  of  HY-80  (EIO3)  heat  treated  to  a  fine 
grain  structure,  AS1M  9,  and  isothermally  treated  to  contain  various  per¬ 
centages  of  nonmartensitic  products. 

Up  to  the  tempering  teag>erature  of  1000  F,  bainite  lowers  the 
ultimate  and  yield  strengths  and  increases  the  NDT  temperature.  Above 
1000  F,  the  mechanical  and  NDT  properties  of  the  partially  bainitic  and  the 
martensitic  structures  coincide.  The  mechanical  tensile  property  results 
agree  with  the  previous  analysis  siade  on  coMsercia]  HY-80  steel  production 
irhich  indicated  that  the  tempering  temperature  used  by  the  producers  were 
independr  t  of  nonmartensitic  products.^  Increasing  the  tespering  tem¬ 
perature  above  1150  F  increases  the  NDT  tei^>erature  for  the  fully  mar¬ 
tensitic  structure  as  well  as  for  the  structure  containing  bainite;  how¬ 
ever,  the  NDT  temperatures  were  well  within  the  acceptable  range  for  HY-80 
plate. 
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As  shown  in  Figure  8,  various  percentages  of  proeutectoid  ferrite 
lower  the  mechanical  properties  more  for  a  given  teiig>ering  temperature 
than  does  bainite.  Surprisingly,  the  greater  the  ferrite  content  the  lower 
the  NDT  temperature;  this  Is  probably  due  to  the  lower  strength,  higher 
toughness  ferrite.  It  should  be  understood  that  coninerclally  produced  HY- 
80  steel  plates  o\’er  1  l/2  in.  thick  have  an  average  Grossman's 
hardenability  factor  of  6  in,,^  ^ich  is  representative  of  an  *'S”  type  of 
time -temperature -transformation  (TTT)  curve;  see  Figure  4.  The  initiation 
of  the  1200  F  proeutectoid  ferrite  nose  is  at  100  sec;  however,  as  shown 
in  the  lower  comer  of  Figure  4,  over  2500-sec  holding  time  is  required 
to  produce  a  microstructure  containing  20  percent  ferrite.  Increasing  or 
decreasing  the  transformation  temperature  within  the  ferritic  range 
markedly  increases  the  required  initiation  timie  as  shown  in  Figure  4.  It 
should  be  understood  that  HY-60  steel  with  a 

have  a  ”C”  type  of  TTT  curve  (see  Figure  4),  which  will  be  conducive  to 
ferrite  formation  when  heat  treating  low  chemistry  plates  over  1  in* 
thick.  ”C**  type  TTT  curves  can  also  be  produced  with  HY-80  steels  having 
^I-SOM  Srester  than  2.7  in.  if  the  carbon  content  is  high  and  chromium  (Cr) 
and  molybdenum  (Mo)  content  are  on  the  lean  side.  Increasing  percentages 
of  carbon  will  extend  the  initiation  of  transformation  time,  but  only  in¬ 
creasing  percentages  of  Cr  and  Mo  will  change  the  nose  of  TTT  curve  for 
HY-80  steels. 


Effects  of  Strength  Level  on  Toughness 

Figures  9  and  10  show  the  effects  of  strength  level  mi  the  NDT 
tei^erature  and  Charpy  V<^otch  properties  for  the  HY-60  steel  plate  B103; 
for  comparative  purposes,  the  transverse  maximum  Charpy  energy  has  been 
incliKied* 

Figure  9  indicates  that  various  percentages  of  bainite  have  a 
slight  effect  mi  the  NDT  teaperature  for  a  given  strength  level.  The 
minimum  NDT  teaiperature  for  the  HY-60  steel  containing  bainite  is  reached 


Grossman's  factors  for  calculating  D|.5(]|f  ^  based  on  a  SO  percent 
martensitic  structure  at  the  center  of  a  round  bar  after  an  ideal  q[iiench. 
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betmen  90-  and  ICXMcai  yield  strength.  The  highest  NDT  is  reached  around 
140-lc8i  yield  strength  and  then  the  NDT  decreases  with  increasing  strength 
levels.  Surprisin^y,  with  yield  stren^^hs  below  80  ksi,  there  is  an  in¬ 
crease  in  NDT  teiif)erature. 

As  shown  in  Figure  9,  the  transverse  Charpy  V<^otch  energy  absorp¬ 
tion  and  lateral  expansion  of  specuwns  broken  at  the  NDT  temperature 
indicate  a  uniform  correlation  at  the  various  strength  levels.  In  other 
words,  at  the  temperature,  the  transverse  Charpy  energies  and  lateral 
expansion  of  the  HT-60  steel  containing  bainite  appear  to  fall  within  a 
predictable  range,  i.e.,  20  to  30  ft-lb  and  15  to  25  mils  lateral  expansion 
for  yield  strengths  120  ksi  and  below;  for  yield  stroigths  above  120  ksi, 
the  transverse  Charpy  valiies  at  the  NDT  temperature  fall  at  about  20  ft-lb 
and  8  nils  lateral  expansion.  Surprisingly,  there  is  no  correlation  be¬ 
tween  Charpy  V^otch  fibrous  fracture  appearance  at  the  NDT  temperature 
and  the  yield  strength  of  the  material. 

The  transverse  Charpy  V-notch  maximum  energies  decrease  with  in¬ 
creasing  strength  levels.  However,  there  is  no  dramatic  separaticm  due  to 
bainite  in  the  maximmi  energy  to  yield  strength  correlation.  The  40  ft-lb 
Charpy  shelf  is  reached  between  110-  to  120-ksi  yield  strength. 

There  is  a  correlation  between  increasing  percentages  of  ferrite, 
the  NDT  tem>erature,  and  strength  level  as  shown  in  Figure  9;  however, 
there  is  no  sinple  correlation  between  transverse  Charpy  Vnotch  properties 
at  the  NDT  temperature  as  was  fouad  for  the  martensitic  and  bainitic 
structurea. 

Figure  10  is  similar  to  Figure  9  except  that  ultimate  tensile 
strength  rather  than  yield  strength  is  the  basis  of  correlation.  The  same 
correlations  are  found  in  Figure  10  as  were  found  in  Figure  9  and,  there¬ 
fore,  they  will  not  be  discussed  further. 

Effects  of  Strength  Level  and  Fibrous  Fracture  Appearance  on 
Charpy  f^tch  Pr^>ertiea 

It  has  been  shown  previously  that  the  Charpy  V-notch  energy  absorbed 
can  be  predicted  from  tha  yield  strength  for  a  given  Charpy  fibrous 
fracture  transition  appearance  of  a  fhlly  qfuenched  HT-60  steel 

Maadaui  energies  were  obtained  at  212  F,  whereas  the  Charpy  V-notch 
100  percent  fibrous  fracture  is  defined  as  that  point  on  a  Charpy  V-<iotch 


fracture  transition  curve  that  will  just  show  m  all-fibrous  fracture 
{4>pearance.  The  Charpy  V-notch  energies  and  tenperatures  for  a  specific 
fibrous  condition  were  obtained  from  the  Charpy  property  curves  of  the 
^pendix  and  are  depicted  in  Figures  11  and  12  as  a  function  of  the 
strength  level. 

The  maximum  energy  ciurves  depicted  in  Figure  11  are  the  sane  as 
the  upper  curves  shown  in  Figures  9  and  10.  The  maxiimsw  energy  curves  for 
the  material  containing  various  percentages  of  bainite  follow  the  fully 
martensitic  ciirve.  However,  the  curves  which  represent  those  Charpy 
specimens  containing  ferrite  fall  well  below  the  curves  for  bainite  and 
martensite  specimens. 

The  40  ft-lb  energy  at  32  F  is  ccmsidered  the  lower  bound  for  shear 
tearing  resistance  in  steels  eJdiibiting  100  percent  Charpy  V^otch  fibrous 
fracture  i4)pearance.  It  can  be  seen  from  Figure  11  that  the  40  ft-lb 
transverse  Charpy  level  at  100  percent  fibrous  fracture  for  specismns  con¬ 
taining  various  percentages  of  tea|>ered  bainite  fall  between  the  110-  and 
120<Hksi  yield-strength  level,  Pereas  for  speciamns  containing  ferrite, 
the  40  ft-lb  energy  is  reached  at  about  90-lcsi  yield  strength.  As  seen  in 
Figure  12,  the  100  percent  Charpy  V^otch  fibrous  fPacture  energy  for  these 
strength  levels  falls  at  or  below  32  F.  As  shown  in  Figure  11,  the  energy 
level  transition  is  greatly  influenced  by  strength  level  as  well  as  by 
microstructure;  however,  as  shown  in  Figure  12,  the  100  percent  fibrous 
fracture  transition  traperature  is  not  sipiificantly  affected  until  the 
120-ksi  yield-strength  level  is  approached. 

It  can  be  seen  from  Table  3  that  below  US^i  yield  strength, 
Charpy  speciamns  %rith  100  or  80  percent  fibrous  fracture  appearance  meet 
the  40  ft-lb  energy  level  at  32  F  or  lower.  However,  the  Charpy  energy 
level  at  50  end  30  percent  fibrous  fracture  appearance  did  not  meet  the 
40  ft-lb  level  for  any  given  yield  strength. 

EFFECTS  OF  LARGE  AUSTHNinC  ORADI  SIZE  ANl)  NONHARTBISITIC 
PROOUCTS  OM  THE  HBCHilNICAL  PROmTIES 

The  effects  of  strength  level  on  fully  quenched  and  tsmered 
steels  which  were  austenitised  to  produce  a  varied  of  grain  siaes  have 
been  reported  for  the  HC  HT-eO  eteel  plate.^  The  results  indicated  that 
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the  Cherpy  V-notch  transition  tenfjeratnres  increased  with  increasing 
austenitizing  and  decreasing  tenpering  teiif)eratures .  It  was  also  shown 
that  inci*easing  grain  size  did  not  lower  the  Charpy  V-*notch  maxiiman  energy 

shelf. 

Effects  of  Tendering  Teiig)eratiu'es 

In  order  to  study  the  effects  of  grain  size  and  nonmartens it ic 
products  on  the  notch  toughness,  energy  absorption,  and  transition  temper¬ 
atures,  the  drop-weight  specimens  were  austenitized  at  2000  F,  transferred 
to  a  1640  F  salt  bath,  and  then  isothermally  held  at  the  tenperature  of 
interest.  The  prior  austenitic  grain  size  was  found  to  be  approximately 
ASTM  3.5.  Although  the  holding  times  at  the  isothermal  tenperatures  were 
the  same  as  used  for  the  fine  grain  studies,  the  percentage  of  transfor¬ 
mation  products  was  considerably  less.  This  is  attributed  to  the  fact  that 

23 

large  grain  size  shifts  the  initiation  of  transformation  to  longer  times. 

The  mechanical  and  NDT  tenperatures  are  plotted  in  Figure  13  as  a 
function  of  teapering  tenperature.  Similar  mechanical  tensile  properties 
are  found  for  coarse-  and  fine-grain  structures  (compare  Figures  13  and  8). 
It  should  be  remembered  in  conparing  these  two  figures  that  the  coarse- 
grain  structures  contained  less  isothermal  products  than  did  the  fine- 
grain  structures. 

The  NDT  temperature  shown  in  Figure  13  is  approximately  100  F 
higher  for  the  coarse-grain  structures  than  for  the  fine-grain  structures. 
This  difference  holds  regardless  of  the  type  of  nonmartens i tic  structure 
investigated. 

Effects  of  Strength  Level  on  Tou^ess 

Figures  14  and  15  show,  respectively,  the  effects  of  strmigth  level 
on  the  NDT  te^>erature  and  on  the  transverse  Charpy  properties  at  the  NDT 
te^>eratures  for  the  coarse-grain  structures,  ASTH  3.5.  For  comparative 
puiposes,  the  maximwi  Charpy  V-«totch  energy  levels  for  various  strengths 
are  included  on  these  figures. 

The  HT-SO  steel  plate  E103  with  an  ASTM  grain  site  of  3.5  has  an 
NDT  temperature  ranging  from  -140  to  -30  F  for  yield  strengths  between  80 
to  100  ksi.  The  moat  detrimental  effect  on  the  NDT  temperature  appears  to 
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be  produced  by  17  percent  bainite;  9  percent  proeutectoid  ferrite  has  vi 
adverse  effect  on  the  NDT,  but  not  to  the  same  degree  as  the  17  percent 
bainite.  However,  it  is  doubtful  that  normal  cocmercially  produced  HY-00 
steel  will  be  cooled  at  such  a  slow  rate  as  to  produce  any  proeutectoid 
ferrite  during  heat  treating  or  welding. 

The  transverse  Charpy  V-notch  values  at  the  NDT  teo^erature  are 
25  to  35  ft-lb  and  5  to  25  mils  lateral  expansion.  Again,  the  Charpy  ?- 
notch  fibrous  fracture  appearance  does  not  show  any  relationship  for  pre¬ 
dicting  the  NDT  tanperature. 

Effects  of  Strength  Level  and  Fibrous  Fracture  Appearance  on 
Charpy  V-Notch  Properties 

Figures  16  and  17  show  the  correlation  between  transverse  Charpy 
V-notch  energy  absorbed  and  fibrous  fracture  transition  temperatures  for 
these  large-grained  structures  at  given  percentages  of  fibrous  fracture 
appearance  at  various  strength  levels. 

Table  6  shows  the  transverse  Charpy  V^otch  energy  absorption  and 
the  te^>erature  at  which  100  percent  fibrous  fracture  appearance  occurs 
for  80-  and  100-ksi  yield  strengths.  It  should  be  remembered  when  reviewing 
this  table  that  the  isothermal  holding  time  required  to  obtain  the  non- 
martensitic  products  is  exceptionally  long.  In  'Production  heat  treataamt, 
the  2000  F  austenitising  treatment  would  not  be  used.  Whm  welding,  tem¬ 
peratures  of  2000  F  mid  above  %rill  be  obtained;  however,  the  cooling  rate 
between  2000  F  and  the  start  of  martensite  transformation  te^;>erature  (Ms) 
are  such  that  the  teiqperature  lag  required  to  obtain  nonmartensitic  products 
will  not  occur. 

Table  6  shows  that  HV-eo  having  a  large  grain  site  (ASTM  3.5)  and 
nonmartensitic  products  will  have  transverse  Charpy  energies  in  excess  of 
40  ft-lb.  The  specimens  containing  17  percent  bainite  have  a  100  percent 
Charpy  V-notch  fibrmis  fracture  transition  tei^ierature  over  100  F.  The 
transition  te^erature  for  the  specimens  containing  9  percent  ferrite  is 
sensitive  to  yield-strength  level;  i.e.,  the  transition  tei^ieratures  are 
increased  ten-fold  when  going  from  00-  to  100-ksi  yield  strength. 

Since  the  shear  transition  of  HT-00  steel  is  evaluated  at  .*2  F, 

Table  7  was  compiled  from  Figures  16  and  17  to  show  the  relationship 
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betwoi  yield  strength  and  transverse  Charpy  energy  values  occurring  at 
32  F  for  the  100  percent  fibrous  appearance.  This  table  shows  that  except 
for  the  structure  containing  17  percent  bainite,  the  Charpy  values  at  32  F 
for  the  yield  strength  show  (80  to  113  ksi)  are  well  above  the  40  ft-lb 
miniBUB. 

nELDING  CHARACTEKISTICS 

Since  the  stress-strain  curves  of  HY-80  steel  are  of  interest  for 

4 

design  purposes  to  predict  buckling  or  instability  ranges,  Figures  18  and 
19  depict  the  effects  of  grain  size,  various  isothermal  treatments,  and 
tei4>ering  teiq>erature  on  the  tensile  yielding  characteristics  of  HY-60 
steel. 

These  figures  show  that  the  stress-strain  curves  between  80-  and 
100-ksi  yield  strength  have  a  discontinuous  type  of  yielding  character^ 
istic.  That  is,  the  stress-strain  curves  have  either  upper  and  lower 
yield  points,  a  plateau,  or  a  semi-plateau  yielding  characteristic.  It  is 
interesting  to  note  in  Figure  18  that  for  the  fine  grain  HY-80  steel  iso- 
theraally  treated  to  contain  25  percent  ferrite  and  tempered  at  1250  F, 
there  are  twa  types  of  stress-strain  curves,  the  curvilinear  and  the  dis¬ 
continuous. 

Effects  of  Continuous  Cooling 

Since  variations  in  cooling  rates  can  produce  a  multiplicity  of 
microstructures,  a  lisuted  study  was  made  to  evaluate  the  effects  of  non- 
martensitic  products  formed  by  three  different  cooling  rates. 

All  specimens  were  austenitised  (1640  F)  at  the  same  time.  One 
series  of  specisiens  was  removed  from  the  furnace  and  water  quenched,  the 
second  series  was  air  cooled,  and  the  third  series  was  left  in  the  furnace 
and  allowed  to  cool  with  the  door  open.  All  specimens  were  teapered  at 
1150  F  for  1  hr*  The  following  cooling  rates  were  obtained  between  1350 
Md  800  F; 

Water  (|iienched  5  x  10^  F/sdn 
Air  cooled  35. i  F/min 

Slow  cooled  9.5  F/mln 
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Mic restructure 


The  resultant  microstructure  for  each  of  these  cooling  rates  may 
be  conq>are(i  in  Figures  5  and  20.  Figure  5b  shows  the  tempered  martensitic 
appearance  of  the  water-queiiched  steel,  and  Figures  20a  and  20b  show  the 
microstructure  for  the  teiig>ered  air-cooled  and  slow-cooled  specimens  which 
consisted  of  upper  and  lower  bainites. 

Mechanical  and  Notch  Toughness  Properties 

The  mechanical  and  notch  toughness  properties  obtained  from  the 
Iiy-60  specimens  which  were  water  quenched,  air  cooled,  and  slow  cooled  are 
given  in  Table  8.  The  water-quenched  specimens  have  the  hipest  yield 
strength  but  the  others  also  meet  the  80-ksi  yield  strength  minimum  require- 
moits.  All  have  acceptable  NDT  temperatures  and  acceptable  Chax^  maximum 
energy  shelves. 


DISCUSSION 

4 

It  was  shown  in  a  previous  report  that  HY-SO  steel  produced  ui 
accordance  with  MIL-^-16216E  and  F  was  to  a  lower  hardenability  than  that 
made  under  MIL-S-16216D.  If  this  historical  trend  continues,  the  producers 
may  start  to  make  HY-SO  steel  ivider  MIL-S-16216C  to  still  lower  harden- 
abilities.  Since  the  longitudinal  Char|^  values  are  only  representative 
of  the  NDT  temperature  and  not  the  maximum  shear  energy,  difficulties  could 
arise  because  the  nonmartens  it  ic  product  may  becoM  predominately  ferrite 
with  the  associated  reduction  in  shear  tearing  resistance. 

Figure  11  indicates  the  detrismntal  effect  that  ferrite  can  have 
on  the  maxijmse  «id  100  percent  fibrous  fracture  shear  energy  level. 
Additional  difficulty  can  occur  in  the  heat-affected  some  of  a  thick  plate 
made  to  a  low  hardoiability  where  a  small  percentage  of  ferrite  and  large 
grain  size  could  affect  the  shear  tearing  resistance  of  the  sone  having  an 
incremental  yield  strength  over  100  ksi*  This  is  borne  out  by  previous 
experimental  work  on  the  effects  of  lowering  the  hardenability  of  heavy 
gage  plates. 

The  80  percent  martensitic  requirement  Specified  in  MI1-5-16216C 
should  be  adhered  to.  In  fact,  to  ensure  that  HT-60  steel  has  a  pearlitic 
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hardenability  greater  than  its  bainitic  hardenability,  the  two  chemistry 
ranges,  one  for  thin  and  one  for  thick  plates,  previously  specified  in 
MIL-S-1621bD  should  be  made  a  requirement  of  the  current  specification. 

The  HY-80  E103  plate  heat  created  to  a  fine  grain  structure  and 
containing  isothermal  bainites  in  the  ranges  studied  will  meet  the  minimum 
mechanical  property  and  notch  toughness  requirements  of  MIL-S-16216G. 

If  teng>eratures  are  used  in  fabrication  which  will  coarsen  the 
grain  size  to  ASTM  4  or  less  and  the  yield  strength  is  raised  above  120 
ksi,  shear  tearing  may  occur,  especially  in  the  presence  of  nonmartens it ic 
products.  Plates  3  in.  or  more  in  thickness  will  probably  contain  bainite 
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in  excess  of  20  percent.  It  is  doubtful  that  they  would  contain  any 

proeutectoid  ferrite.  However,  the  present  study  has  shown  that  bainite 

should  not  significantly  affect  the  notch  toughness.  The  heat-affected 

zone  produced  by  welding  thick  plates  made  to  a  rich  chemical  analysis 

with  the  specified  heat  inputs  of  55,000  j/in.  or  less  should  not  produce 

23 

any  significant  amounts  of  bainite.  This  does  not  preclude  cracking  in 
the  heat-affected  zone  due  to  chemical  composition;  for  exanple,  having 
high  sulphur  content  in  the  presence  of  high  nickel  content  or  having  a 
hi^  percentage  of  nonmetallxc  inclusions. 

An  analysis  of  the  effect  of  nonmartens itic  products  on  commer¬ 
cially  produced  plates  has  been  completed  and  will  be  published.  The 
present  report  will  be  used  as  a  baseline  for  comparing  the  effects  of 
normartensitic  products  on  comnercially  produced  heats. 
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CONCLUSIONS 

The  following  conclusions  can  be  derived  from  this  study: 

1.  Up  to  50  percent  bainite  (with  the  remainder  martensite)  in  HY- 
80  steel  has  very  little  effect  on  the  NDT  temperature  and  the  Charpy  V- 
notch  maximum  energy  properties. 

2.  Proeutectoid  ferrite  has  a  detrimental  effect  on  the  Charpy 
V-notch  maximum  energy  level  of  HY-80  steel,  especially  with  increasing 
strength  level.  At  yield-strength  levels  of  t^proximately  90  ksi,  the 
maxima'll  Charpy  energy  level  met  the  40  ft-lb  requirement  established  herein 
as  a  criterion. 

3.  Large  prior  austenitic  grain  size  has  no  effect  on  the  maximum 
Charpy  V-notch  level  for  a  given  yield  strength;  however,  the  transverse 
Charpy  V-notch  fibrous  fracture  transition  tenoperature  is  quite  sensitive 
to  yield-strength  level  and  microstructure. 

4.  The  NDT  temperature  for  structures  having  large  prior  austenitic 
grain  sise  are  approximately  100  F  higher  than  the  NDT  temperatures  of  fine 
grained  structures  regardless  of  microstructure. 


RECOMMENDATIONS 

1.  The  80  percent  martensitic  microstructure  requirement  of  MIL-S- 
1621 6G  should  be  kept  in  the  specification. 

2.  The  two  cheriistry  ranges,  one  for  thin  and  one  for  thick  plates, 
previously  specified  in  MIL-S-16216D  should  be  made  a  part  of  the  current 
Iff -80  specification. 
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Comparison  of  Chemical  Composition  and  Inclusion  Content  of  Two  HY-60  Steel 
Plates  Used  in  the  Present  and  in  a  Previous  DIME  Study 
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Effects  of  Microstructure  and  Tenpering  Tenperature  on  the 
Charp7  V^otch  Inpact  Properties  of  HY-60  Steel  (BIMB  Plate 
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Effects  of  Microstructure  and  Tempering  Temperature  on  the 
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Tc^> 

degrees  F 

1S2 

187 

81 

41 

12 

+128 

37 

12 

-  32 

32 

12 

-  16 

154 

183 

84 

28 

13 

+144 

28 

13 

+  102 

26 

U 

+64 

138 

153 

90 

36 

23 

+  96 

37 

23 

+  74 

37 

22 

+44 

99 

113 

88 

60 

46 

+  32 

60 

44 

-  16 

54 

40 

-  78 

75 

96 

78 

85 

71 

-  12 

75 

71 

"  44 

68 

55 

-  96 

74 

98 

76 

77 

65 

-  16 

72 

58 

-  36 

70 

54 

-  66 

82 

102 

80 

68 

61 

•»-212 

68 

61 

-  44 

60 

49 

-  98 

81 

103 

79 

69 

59 

+  22 

64 

56 

-  18 

63 

43 

-100 

159 

190 

84 

23 

U 

+  44 

22 

S 

-  20 

22 

9 

-  52 

158 

185 

85 

23 

11 

+  72 

22 

10 

-  12 

21 

6 

-  54 

139 

151 

92 

39 

26 

+  88 

34 

23 

+  46 

32 

20 

-  14 

109 

122 

89 

54 

44 

+  32 

50 

37 

-114 

41 

24 

-146 

90 

109 

83 

64 

56 

0 

64 

52 

-106 

47 

38 

-138 

128 

173 

74 

30 

12 

+212 

30 

12 

+108 

27 

12 

-  6 

129 

166 

78 

30 

16 

+244 

30 

19 

+159 

26 

12 

+U4 

112 

130 

86 

51 

36 

+152 

47 

35 

+107 

44 

34 

-  53 

108 

123 

88 

55 

47 

+140 

53 

43 

+  94 

51 

40 

+  23 

88 

106  1 

83 

67 

60 

+100 

61 

52 

+  44 

58 

48 

-  25 

118 

165 

72 

13 

6 

+112 

-  17 

15 

5 

-  40 

118 

159 

74 

16 

7 

+136 

16 

.■QHI 

+  83 

13 

6 

+  64 

Tir^ 

141 

84 

29 

16 

+  52 

23 

16 

+  2 

22 

15 

-  26 

98 

115 

85 

48 

40 

+  86 

46 

38 

-  4 

43 

34 

-  74 

79 

102 

78 

60 

56 

-  20 

60 

1— .  .. 

48 

-  55 

SO 

38 

-  80 

2S  P  for  5  ■Juautat.thoB  ItotlMrmklly  troatod  m  •ho%ai. 


en  wator  q[UMich«d 


^arance 


SO  Percent 

30  Percant 

At  nr 

T 

Baercr 
ft  lb 

Lateral 

d^paBKioB 

■ila 

decreet  F 

AiergF 

ft  lb 

Latera 

B^aiaiflB 

■Ut 

decree*  F 

nercF 

ft  lb 

Fnrcent 

Fiber 

Lateral 

■tl* 

28 

11 

-  36 

26 

10 

-  90 

24 

19 

8 

25 

9 

+42 

24 

8 

•^15  _ 

24 

11 

7 

33 

19 

+16 

27 

15 

+10 

26 

26 

14 

43 

29 

-132 

a 

24 

-115 

35 

36 

26 

52 

41 

-132 

41 

30 

-145 

37 

24 

27 

60 

45 

-100 

44 

33 

-155 

a 

14 

22 

35 

32 

-130 

27 

a 

-170 

24 

16 

14 

SO 

a 

-158 

30 

19 

-160 

30 

29 

If 

22 

7 

-  64 

a 

6 

-  80 

a 

13 

6 

18 

5 

-  64 

17 

5 

-  30 

20 

72 

6 

28 

16 

-  40 

25 

13 

-  10 

28 

a 

16 

29 

19 

-150 

26 

19 

-110 

42 

82 

25 

33 

27 

-172 

30 

a 

-150 

a 

41 

24 

24 

9 

-  40 

22 

7 

-  50 

22 

23 

T 

1 

23 

U 

+68 

22 

10 

♦  90 

22 

37 

U 

34 

28 

+20 

27 

18 

+  10 

26 

29 

16 

40 

28 

-  a 

20 

-  10 

a 

41 

23 

48 

39 

-  78 

25 

-  80 

36 

26 

22 

IS 

5 

-  60 

15 

5 

-  70 

15 

13 

9 

12 

6 

+  44 

12 

6 

♦  40 

12 

28 

6 

a 

12 

-  54 

19 

U 

-  90 

19 

30 

U 

27 

a 

-  50 

38 

62 

24 

36 

30 

-154 

29 

29 

-130 

30 

38 

29 

TABLE  6 


Effects  of  Microstructure  and  Yield  Strength  on  the  Transverse 
Charpy  V^otch  Energy  and  Temperature  Corresponding  to  1(X)  Percent 
Fibrous  Fracture  ^pearance  of  HY-80  Steel  (DIME  Plate  E103) 

Austenitized  at  2000  F 


Isothermal 

Treatment 

100  Percent  Fibrous 
Fracture  Appearance 

Transverse  Chaipy 
V^otch  Properties 

Yield^ 

Straigth 

ksi 

Temperature 
degrees  F 

Tine 

Seconds 

Micros  true  tiure^ 

^ergy 

ft-lb 

Temperature 
degrees  F 

100  M 

80 

70 

+  20 

100 

57 

+  30 

875 

152 

3  B-97  M 

80 

70 

~  -  10 

100 

57 

+  20 

875 

1600 

17  B-83  M 

80 

+100 

100 

60 

+115 

1200 

3350 

9  F-91  M 

80 

60 

-  5 

100 

45 

+100 

1.  Microstructure: 

M  *•  Martensite 
B  ==  Bainite 
F  =  Ferrite 

2.  Room  teBg>erature  yield  strength 
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TABU  7 


Effects  of  Microstructure  on  Yield  Strength  and  Transverse 
Qiarpy  Energy  Corresponding  to  100  Percent  Fibrous  Fracture 
Appearance  at  J2  F  of  Steel  (DTMB  Plate  E103) 

Austenitized  at  2000  F 


Micros tructure^ 

Properties  at  100  Percent 
Fibrous  Appearance  at  32  F 

Yieldi 

Strength 

ksi 

Transverse 

Cy  (32  F) 
ft-lb 

100  M 

92 

60 

3  B-87  M 

113 

48 

17  B-83  M 

<80 

~70 

9  F-91  M 

85 

62 

1.  Micros tructure 

N  «  Martensite 
B  =  Bainite 
F  =  Ferrite 

2.  Room  tesf^eiature  yield  strength 


TABLE  8 

Effects  of  Cooling  Rate  on  the  Mechanical  and  Notch  Tou^uiess 
Properties  of  HY-80  Steel  (DIMB  Plate  E103) 
Austenitized  at  1640  F 


Property^ 

Cooling  Treatnent 

Water 

Quenched 

Air-Cooled 

Slow-Cooled 

U.T.S.,  ksi 

116 

104 

104 

0.2  Percent  Y.S.,  ksi 

103 

84 

83 

Percent  El.  in  one  in. 

24 

25 

24 

Percent  Red.  in  area 

76 

73 

72 

NDT,  degrees  F 

-210 

-130 

-90 

Cy  at  NOT?  ft-lb 

29 

25 

30 

C^  najt,^  ft-lb 

96 

55 

51 

1.  Room  tesgisrature  tensile  pr^rties. 

2.  Trsnsveree  Charpy  VHIotch  at  NBT  tesgwrature. 

J.  Transverse  Charpy  V<4fotch  at  212  F. 

4.  Austenitised  1640  F  for  1/2  hour«  cooled  as 
indicated  to  roon  teag>erature,  held  at  >110  F 
for  1  hour»  and  tesBiared  at  IISO  F  for  1  hour 
then  water  (pienehed. 


PHASE  I 


_ 1 

WATER  ( 

1 _ 

WEtOCO 

metall 

EVALI 

1 

UNOCAL 

JATCN 

1 

_ i _ 

MECHANICAL 

*  -  I 

CNANRY 

1  MEIALLOQNARHC] 

g,,,, 

ONW' 

V-NOTCM 

WCIOHT 

1 

Figure  3  -  Gmeral  Outline  of  Heat  Treataenta 
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Flgura  5  -  Mietroatructure  (lOOOX)  «ul  A5TM  Micrograiii  Siae 
of  fully  (^anchad  S|>aciaKtia  Auitanititad  at  1640  and  2000  F 


a 


2S%  Sainite  •  7$%  Martensite  2S%  Perrite  •  7S$  Martenaite 

675  F  -  152  Sec  1200  F  •  33S0  Sac 


SOS  •aialca  -  SOS  Nartenaice 
875  P  -  1800  Sec 


36S  Ferrite 

1200  r 


MS  Nartenalte 
8500  Sec 


Flfure  6  ^  Microstructure  (lOOOX)  of  S^isNns  Austenitlsedi  at  1640  F  and 

then  Isothernallj  Treated  at  875  F  and  1200  F 
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yfi  Bainlte  -  975^  Mftrtenalte  9%  Ferrite  -  31^  Martensite 

«»75  F  -  152  Sec  1200  F  -  3350  Sec 


17%  B/inlte  -  835^  Martensite  385C  Ferrite  -  625?  Martensite 

875  F  -  1600  Sec  1200  F  -  8500  Sec 

Figure  7  -  Microstructure  (lOOOX)  of  Specimens  Austenitized  at  2000  F  and 
then  IsotheiWlly  Treated  at  875  and  1200  F 
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Figure  8  -  Effects  of  Tenq;>ering  Temperature  on  the  Mechanical  Properties  of 
Hy-80  Steel  (DIMS  Plate  EL03)  Austenitized  at  1640  F  and  Treated  to 
Contain  Various  Amoimts  and  Types  of  Isothermal 

Product 
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UKO  P)  TRAMVDMC  CHMPV  V-M0tO4  PNOPCRTia  «r  THf  NOT 


TCNSILC  STRCNOTH  (PSI  ((o’) 


TCNSILC  STIteNOTH  (M  ■  IO>i 


Figure  10  •  Effect  of  Room  Tenq)erature  Ultimate  Tensile  Strength  Level  and 
Nonmartensitic  Products  on  the  Notch  Brittleness  of  HY-60  Steel 
(DTMB  Plate  E103)  Austenitized  at  1640  F 
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Figure  11  -  Ck)rrel«tion  between  Room  Teesperature  Strength  Microstructure,  and 
Transverse  Charpy  V-Notch  Biergy  Absorbed  at  Maximm  Ehergy  and  at  a  Given 
Fibrous  Fracture  Appearance  for  HY-60  Steel  Austenitized  at  1640  F 
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Figure  12  -  Correlation  between  Room  Tenperature  Strength  and  Tranaverae  Charpj 
V-Notch  Fibrous  Fracture  Transition  Te^>erature  for  HT-SO  Steel  Auatanltised 

at  1640  F 
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Figure  13  -  Effects  of  Teopering  Teoper&ture  on  the  Mechanical  Properties 
of  Hlf-60  Steej.  (BIMB  Plate  E103)  Austenitiaed  at  2000  F  and  Treated  to 
Contain  Various  Aaounts  and  ^rpcs  of  Isothermal  Transformation 

Products 
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Figure  14  -  Effects  of  Roan  Tenperature  Yield  Strength  Lerel  end  Nda< 
nartensitic  Products  on  the  Notch  Brittleness  of  HY-60  Steel  (DIMI 

Plate  ELO3)  Austenitised  at  2000  F 
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TRANSVERSE  CHARPY  V- NOTCH  FIBROUS  FRACTURE  TRANSITION  TEMPERATURE  (D 


TO  *0  *0  100  110  Ito  110  MO  l»0  100  (TO  ISO  100  too  t)0 
LONOITUMNAL  YIELD  STRCNOTHIPtl  X  lo’l 
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Figure  17  -  Correlation  between  Room  Temperature  Strength,  Microatructure, 
and  Transverse  Charpy  V-Notch  Fibrous  Fracture  Transition  Temperature 
for  HY-60  Steel  Austenitized  at  2000  F 
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Figure  20b  -  Air  Cooled  35.1  F/nin 

Figure  20  -  Photonicrographe  (lOOOX)  of  Sloir-Cooled  md 
AiiM^oled  Speciaens 
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APPQIDIX 

CHARPY  V-NOTCH  PROPERTY  CURVES 


ft 


Tftr 


i  Figure  A1  -  Effects  of  Tesg>ering  Temperature  on  Charpy  V-Notch 

lapact  Properties  of  HY-80  Steel  (D1MB  Plate  EL03)  Austenitised 
I  at  1640  F  and  Quenched  to  Contain  100  Percent  Hartensite 

I 
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ntv  Ti«rc»aTi>«(  loiMn  ri 

Fi(ur«  A2  -  Effects  of  T«q>ering  leaperature  on  Chsrpy  VHiiotch 
lig>sct  Properties  of  lfT*60  Steel  (OTfS  Piste  ElOj)  Austenitised 
St  1640  F  end  Isothensslly  Treated  at  67S  F  to  Contain 
25  Percent  Bainite 
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Filpire  AJ  *>  Effects  of  Teaperinf  Ten^reture  on  Charpjr  VHIotch 
lapect  Pr<H>«rtie$  of  HT-90  Steel  (D1NB  Plate  ElOj)  Austenitiaed 
at  1640  F  end  laothemally  Treated  at  875  F  to  Contain 
50  Percent  Bainite 
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TttT  TeM»*eMTlMC 


Figure  A4  -  Effects  oi  Tempering  Tenperature  on  Chapry  V-Notch 
Impact  Properties  of  HY-SO  Steel  (DIMB  Plate  EL03)  Austenitized 
at  1640  F  and  Isothemally  Treated  at  1200  F  to  Contain 
25  Percent  Ferrite 
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Figure  A5  -  Effects  of  Tendering  Teog>erature  on  Charpy  V^otch 
Iiqpact  Properties  of  HY<-60  Steel  (DTMB  Plate  E103)  Austenitisad 
at  1640  F  and  Isothermally  Treated  at  1200  F  to  Contain 
36  Percent  Ferrite 
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Figure  A6  *  Effects  of  Isothermal  Holding  Time  cn  Charpy  V-Hotch 
Iiqpact  Properties  of  HY'-SO  Steel  (DT>iB  Plate  ElOl)  AusT-mitized 
at  1640  F  and  Isothemwdly  Treated  at  1200  F 
for  Various  Timei: 
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Figure  A7  -  Effects  of  Tempering  Te^;>ersture  on  Chaxvj  ?-4lotoli 
Impact  Prc^erties  of  Hf-eO  Steel  (DIMB  Plate  E103)  Austenitiied 
at  2000  F  and  Quenched  to  Contain  100  Percent  Martensite 
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V'MOTCH  IMPACT  mOKKTICt 


nn  TowcfMTMK  winw  r) 


Ficur*  /S  •  Effects  of  IVaporing  Toi|>«rfttur«  on  the  Qiipry  V*4iotch 
I^>sct  Properties  of  H3r-60  Steel  (MMB  Piste  KL03)  Austenitised 
St  2000  F  and  IsothersMlly  Trested  st  675  F  to  Contsin 

3  Percent  Bsinite 


SO 


V'NOTCH  IMMCT  HIOMRTIC* 
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Figure  A9  -  Effects  of  Tsepering  Tei^>ereture  on  Chsrpjr  V-ifotch 
IflpMt  Properties  of  HY-aO  Steel  (D1MB  Plate  E103)  Austenitised 
at  2000  F  and  Isotheraally  Treated  at  675  F  to  Contain 
17  Percent  Bainite 
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V'NOTCK  IMPACT 
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Figure  AlO  -  effects  of  Teapering  To^ierature  on  Cai«rp7  V-Notch 
Inpact  Properties  of  HT-^  Steel  (MHB  Plate  EI03)  Austenitised 
at  2000  F  aid  IsothenuUj  Treated  at  1200  F  to  Contain 

9  Percent  Ferrite 
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